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ABSTRACT 

A pin-on-disk type of friction and wear apparatus 
was used to study the effect of load, contact stress 
and rider area of contact on the friction and wear 
properties of polyimide-bonded graphite fluoride 
films. Different rider area contacts were obtained by 
Initially generating flats (with areas of U.0035, 
0.0071. 0.0145, and 0.0240 cm) on 0.476-cm radius hem* 
1 spherically-tipped r leers. Different projected con- 
tact stresses were obtained by applying loaos of 2.5- 
to 58.8-N to the flats. Two film wear mechanisms were 
observed. The first was found to a linear function 
of contact stress and was independent of rider area of 
contact. The second was found to Increase exponen- 
tially as the stress Increased. The second also ap- 
peared to be a function of rider contact area. Wear 
equations for each mechanism were empirically derived 
from the experimental data. In general, friction co- 
efficients increased with increasing rider contact 
area and with sliding duration. This was related to 
the build-up of thick rider transfer films. 

INTRODUCTION 

It has been shown in previous studies (1,2) that 
polyimide and polyimiae bonded graphite fluoride films 
have potential for solid lubrication applications 
(such as foil bearings (3-7)) whe**e long tnermal soaks 
are encountered. Low weight loss rates, good aohe- 
sion, and good friction and wear properties were ob- 
tained for films thermally exposed at temperatures to 
315* C. 

In order to obtain a better understanding of the 
lubrication and wear mechanisms of polylmi de-bo nded 
graphite fluoride films, a hemispherical 1> tipped rid- 
er (8) and a rider with a u.95-mm-diameter flat on it 
(9) were slid against the film In general, two 
stages (or regimes) of lubrication were identified. 

In the first stage, the film supported the load and 
the lubricating mechanism appeared to be shear (plas- 
tic flow) in a thin layer of the film between the bulk 
of the film and the metallic rider. In the second 
stage (which occurred after the original film had worn 
through to the metallic substrate), the lubricating 
mechanism appeared to be the shear of very thin solia 
lubricant films between the flat area on the rider and 
flat plateaus generated on the metallic asperities in 
the film wear track. 

For the hemispherically tipped rider, the first 
stage of lubrication lasted only a very short time 
(<15 kc of sliding). However, for the 0.95-mmdiameter 
flat sliding on the film, the first stage lasted about 
3500 kc. The reason for this vast difference was be- 
lieved to be caused by the very nigh projected contact 
stresses imparted by the hemisphere. Under light 
stresses the wear process consisted mainly of the 
spalling of thin layers of the film (>2 »m); however, 
under the higher stresses created by the hemisphere, 
cracks were generated which propagated through the 
bulk film and led to the crumbling and complete break- 
up of the film on the wear track. 


This study was conducted to Investigate the ef- 
fect of projected contact stress In more detail, ana 
to determine If rider area of contact affected the 
wear rate. To do this, a pln-on-dlsk apparatus was 
used with hemispherically tipped plus which had 0.67, 
0.95, 1.36, and 1.75-mm - diameter flats on them. 

Loads of 2.5, 4.9, 9.8, 14.7, 19.6, 29.4, 34.3, 39.2, 
and 58.8 N were applied to the flats wnich slid 
against the films at 10U0 rpm in a SOX K.H. air atmo- 
sphere. 

MATERIALS 

Pyralln polyimide (Pl-4701) was used In this 
study. The polyimide was obtained as a thick precur- 
sor solution containing 43 percent solids. For a 
sprayable mixture, a thinner consisting of N-methyl- 
pyrrolldone and xylene was added. The po lyimide-oondeo 
graphite fluoride films were prepared by mixing equal 
parts by wei° h t of polyimide solids with graphite 
fluoride powder. % The graphite fluoride used had a 
f luorine-to-carbon ratio of 1.1. The films were ap- 
plied to AISI 440C HT steel disks (1.2 cm thick by 
6.3 cm In diam) that had a hardness of Rockwell 
C-58. The riders used In the friction and wear tests 
were also made from the AISI 44QC HT stiel with a 
hardness of Rockwell C-58. 

FRICTION APPARATUS 

A conventional type of pln-on-dlsk friction and 
wear apparatus was used In this study (Fig. 1); but 
the riders were 0.476 cm-radlus hemispherically tipped 
pins with 0.67, 0.95, 1.36 or 1.75 mm-diameter flats 
worn on them (see Insert Fig. 1). The flats gave pro- 
jected contact areas of 0.0035, 0.0071, 0.0145 and 
0.0240 cm2, respectively. 

The flat areas were loaded against the films 
(which were applied to a flat, 6.3-cm~diam disk) with 
dead weights of 2.5 to 58.8 N. The disks were rotated 
at 1000 rpm, and the rider slid on the disk at a 
radius of 2.5 cm which gave It a linear sliding speed 
of 2.6 m/sec. The friction specimens were enclosed In 
a chamber so that atmosphere could be controlled. To 
obtain a controlled air atmosphere of 10,000 ppm H7O 
(~50£ relative humidity), dry air and dry air bubbled 
through water were mixed. The humidity was monitored 
continuously. The rise in temperature on the film 
wear track due to frictional heating was monitored 
continuously by an Infrared pyrometer. 

PROCEDURE 

Generation of Rider Flats 

The flats on the 0.476 cm-radius hemispherically 
tipped riders (pins) were generated prior to conduct- 
ing the friction and wear experiments by sliding them 
against a rubbed graphite fluoride film (which was 
applied to a sandblasted AISI 440C HT stainless steel 
disk). The rider was not removed from the holder 
after the flat was generated or while it was cleaned; 
and it and the disk (with applied polyimide-bondeo 
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graphite fluoride film) were positioned and Indexed 
in the apparatus by using a linear variable differ- 
ential transformer (LVOT) so that a flat-on-flat con- 
figuration occurred with minimal misalignment being 
Introduced (Fig. l). 

Surface Preoperation and Cleanlna 

T he ' dm surfaces were rougnened by sandblasting 

to a centerline average (cla) roughness of 0,9 to 1.2 
micrometers. After surface roughening, the disks were 
scrubbed with a brush under running tap water. The 
disk'* r'.*e rinsed in distilled water and then clean, 
dr> cc> pressed air was used to quickly dry the sur- 
face. The disks were stored In a desslcator until 
they were ready for coating with the solid lubricant. 

The rider was lightly scrubbed with ethyl alcohol 
and with levigated alumina to remove tne graphite 
fluoride transfer film that originated during the gen* 
eration of the flat wear area. It was next rinsed In 
distilled water and dried with compressed air* lubri- 
cant was not applied to the riders. 

Film Application 

An artist's arlbrush was used to apply the polyl- 
mide-bonded graphite fluoride films to tne disks. 
Because the film did not dry rapidly, only a thin 
layer was applied at one time In order to prevent 
“running 11 . Each thin layer was cured completely be- 
fore the next layer was applied. The cure consisted 
of heating the films at 100* C for 1 hour followed by 
300 C for 2 hours. 

The film thicknesses evaluated in this study were 
up to 39 micrometers (U.0015 in.). Since each layer 
applied was from 7 to 13 micrometers thick, up to five 
applications were needed to achieve the desired thick- 
nesses. 

Friction and Wear Tests 

The procedure for conducting the friction and 
wear tests was as follows: The test specimens were 
Inserted into the friction apparatus and the test 
chamber sealed. A controlled moist air test atmo- 
sphere (10,000 ppm H 2 O) was purged through the cham- 
ber for 15 minutes before each test and continuously 
throughout the test. After purging, the disk was ro- 
tated at 1000 rpm and a the/oad gradually applied. 

The test temperature was 25* C. 

Each test was stopped after 1/4 kilocycle 
(1/4 min) of sliding, and the rider and disk were re- 
moved from the friction apparatus the contact areas 
were examined by optical microscopy ana photographed. 
Surface profiles of the disk wear tracks were also 
taken. The rider and disk were then placed back into 
the apparatus, and the test procedure was repeated. 

The rider was not removed from the holder, and loca- 
ting pins in the apparatus insured that it was re- 
turned to its original position. The same was true 
for tne disk. 

Each test was stopped and the previous test pro- 
cedure was repeated after selected sliding durations. 
Film wear was calculated by measuring the cross- 
sectional area of the polyimide bonded graphite fluo- 
ride film wear track (from the surface profiles) after 
each sliding interval. Rider wear was determined by 
measuring the change In the diameter of the wear scar 
on the hemispherical ly tipped rider and then calcula- 
ting the volume of material worn away. 

Analysis of Sliding Surfaces 

Optical microscopy techniques were used to study 
the lubricating films, tne transfer films, and the 
wear particles in this investigation. The surfaces 
were viewed at magnifications to 2000X. At these high 
magnifications, the depth of field was very small (ap- 


prox. 1 yin); thus the focusing distance was used In 
measuring various features on the sliding surfaces 
such as film thickness, and wear track depth. 

Polylmide-bonded graphite fluorloe films were 
transparent when worn to a thickness of 1 pm or less. 
Since Illumination and observation of the surfaces 
were normal to the surfaces, interference fringes 
could be seen in the films both on tne disk wear track 
and on the rider. Inteference fringes indicated when 
very thin solid lubricant films were present and gave 
an Indication of their smoothness and continuity. 

RESULTS AND DISCUSSION 

Coefficient of Friction 

The coefficient of friction for AISI 440C HT 
stainless steel riders siloing against polyimide (PI) 

* bonded graphite fluoride (CF x ) n films Is plot- 
ted as a function of sliding duration In Flo. 2. 

Since the riders had flat areas on them, different 
loads applied to the same flat area gave different 
values of contact stress, or the same load applied to 
oifferent areas gave different values of stress. Fig- 
ure 2 shows the effect of contact stress (pressure) on 
the friction coefficient for constant loads of 4.9 N 
(Fig. 2(a)), 9.8 N (Fig. 2(b)), 19.6 N (Fig. 2(c)j, 
and 29.4 N (F q. 2(d)). The contact stresses Involved 
ranged from 2 HPa (300 psi) for the 4.9 N load applied 
to the 0.024 cnl-area flat to 56 NPa (8000 psi) for 
the 19.6 N load applied to the 0.0035 cm 2 -area flat. 

Regardless of stress, load, or area of contact, 
the friction coefficient generally increased with In- 
creasing sliding duration. Also, It is seen that in 
general for constant load, the friction coefficient 
tended to increase as rider contact area increased or 
the rider contact stress decreased. To determine the 
effect or rider contact area and rider contact stress 
on the friction coefficient, friction coefficient val- 
ues (from all tests) obtained after 60 and 500 kc of 
sliding are plotted in Fig. 3 as a function of rider 
area of contact and In Fig. 4 as 0 function of contact 
stress. The curves shown in Figs. 3 and 4 represent a 
linear regression fit (least squares) of the data. 

The curves Indicate that the coefficient of friction 
tends to increase with Increasing area of contact and 
to decrease with Increasing rider contact stress. 

The effect of temperature rise (due to frictional 
heating) on the friction coefficient was also investi- 
gated/ Table I gives friction coefficient values and 
Table II gives the temperature rise on the film wear 
track due to frictional heating after various sliding 
Intervals for all experimental conditions. Figure 5 
shows plots of these data (friction coefficient ver- 
sus film wear track temperature) for (a) 60 kc of 
sliding and (b) at the end of the experiments. The 
curves shown in the figure are linear regression fits 
to the data. The linear regression curves indicate 
that there is a very sliaht increase in friction coef- 
ficient due to frictional heating; however, the data 
scatter is so great that it is impossible to deduce 
trwt this is a real effect, especially for the data 
obtained at the end of the experiments (Fig. 5(b)). 

Film Wear 

Film wear was determined by taking surface pro- 
files of the film wear track after various sliding 
intervals and measuring the cross-sectional area of 
material removed. Figure 6 compares surface profiles 
of the film wear tracks for four different rider con- 
tact areas after various sliding durations under a 
9.8-N load. Because the vertical magnification of the 
profiles is auout 50 times the horizontal magnifica- 
tion, the profiles are distorted by an exaggerated 
track depth. 
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At least 4 profiles at various points around the 
wear track were taken after various sliding durations 
and the wear areas averaged. For example. Fig. 7 
plots the average cross-sectional area as a function 
of sliding duration for a 9.8-N load applied to the 
four different projected rider areas. The general 
trend for each test was for the film wear to Increase 
In a linear manner as a function of sliding distance. 
For eacn Individual test, wear (U) was found to be di- 
rectly proportional to sliding distance (s), thus a 
wear equation of the form: w * Rs could be assumed 
(12), where R Is the wear rate. However, wear rate 
as seen In Fig. 7 was not solely dependent on load. 
Rider area of contact also Influenced the film wear 
rate. 

Figure 8 plots film wear as a function of sliding 
duration for a constant contact stress of 7 MPa (1000 
psl) which was obtained by applying three different 
loads to three different rider contact areas. Compar- 
ing Fig. 6 to Fig. 7 Indicates that the wear rate or 
the films Is more dependent on contact stress than It 
Is on total load. 

Wear rate data for all experimental parameters 
used In this Investigation are summarized In Tables 

III and IV. Table III gives a matrix comparison of 
the film wear rates as a function of load and rider 
contact area, and Table IV gives a comparison of the 
film wear rates as a function of contact stress and 
rider area of contact. The wear rates are expressed 
In terms of wear volume of material worn away per unit 
distance of sliding (n*3/m). 

Table III shows that for a constant rlaer contact 
area, the film wear rate Increased as load Increased. 
The Table also shows that for constant loao, the film 
wear rate decreased as the area of contact increased; 
Indicating a contact stress (pressure) effect. Table 

IV shows for constant contact stress, the wear rate 
was either relatively constant or it increased with 
rider contact area; indicating a possible rider area 
of contact effect. 

Figure 9 shows plots of average film wear rates 
as a function of contact stress. In Kefs. 8 and 9, it 
was deduced that two different wear mechanisms could 
occur for Pi-bonded (CF x ) n films. The data of 
Fig. 9 tends to confirm that analysis, where a linear 
curve is seen and four other curves are seen departing 
from that curve at various values of contact stress. 

It is believed the linear curve was caused by the 
first wear mechanism and the other curves were due to 
the second. The first wear mechansim was postulated 
to be due to the spalling of a very thin textured lay- 
er (<1 um) at the surface of the film. The textured 
layer resulted from the polyimioe and graphite fluo- 
ride plastically flowing and coalescing on the wear 
track of the film. Repeated passes over this layer 
caused it to blister and spall. As Fig 9 illustrates, 
this wear mechanism seemed ;o be directly related to 
contact stress and not dependent on area of rider con- 
tact. The wear rate for the 1st wear mechanism (Rj) 
increased as contact stress (pressure) increased ac- 
cording to the relationship Kj • CjP, where 
Ci is a constant and P is the contact stress in 
MPa. A linear regression fit of the data in Fig. 9 
produced a wear equation for the 1st w"ir mechanism of 

- Rjs - 1.2xlU-l*p s 

where Wj is expressed in nt>* and s In m. 

The 2nd wear mechanism was postulated in Kefs. 8 
and y to be caused by defects in the bulk or by de- 
fects at the surface propagating into the Dulk and 
causing rather large wear particles to be produced (up 
to 6 um thick). The data of Fig. S indicate that both 


contact stress <snd area of rider contact Influenced 
the film wear rate of this mechansim. 

To determine an equation for the wear rate for 
the 2nd wear medians Ism, the wear rate values attribu- 
ted to the first wear mechanism were subtrected from 
the total wear rate values given In Table IV. These 
values are plotted on semi log paper In Fig. 10 as a 
function of contact stress. A least squares exponen- 
tial fit of the data produced a series of parallel 
exponential curves of the form Rj • 0^(1. 3) p , where 
Ca Isa constant that appeared to depeno on tne rider 
contact area (A). A least squares power fit of the 
four values of Ca as a function of rider contact 
area was made and Ca ■ 3.1xlir'A &, ‘ were A 
is expressed In cm 2 . Thus, the wear equation for 
the second wear mechansim becomes: 

w 2 . R 2 s - 3.1xl0*^>2(i.3)P 

The wear rate (R) for the values of contact stess 
(P) and rider contact area (A) used In this Investiga- 
tion thus becomes: 

R - Ri ♦ Ri - I.JxlO-^P ♦ 3.1xl0- 7 A5-2(l.3)P m 3/ n 

The curves of Fig. 9 were plotted from this equation 
and show very good correlation with the experimental 
data. 

The above equations were derived without consider- 
ing any effect of frictional heating. Figure 11 plots 
film wear rate as a function maximum film wear track 
temperature. The figure tends to imply that the film 
wear rate Increased as a function of Increasing film 
wear track temperature. TU Moure may be misleading, 
however, since both the film wear rate and the film wear 
track temperature were dependent on load and contact 
area. If the Table I Is compared to Table II. It Is 
seen that for any particular constant load, a wide range 
of wear rates were obtained with no positive degree of 
correlation with the film wear trad* temperature. Thus, 
If a true effect of frictional heating does occur. It Is 
clouded by the load and contact area effects. 

Area of Contact Error Analysis 

One problem In determining wear rates as a func- 
tion of contact stress was determining the rider area 
of contact. When determining contact stress, constant 
area of rider contact was assumed; but the surface 
profiles of Fig. 6 indicate that as film wear occurred, 
the sides of the wear track also helped support the 
loads. In addition, the data of Ref. 9 showed that 
on Initial contact, the rider flat only made contact 
with the tips of the film asperities, and that the 
area of contact of the rider with the film was about 
one fifth of the projected area cf contact. 

The effect that the wear track sides had on the 
true area measurements was not nearly as great as 
those caused by the film asperity interactions; and 
as the diameter of the flat area increased, the ef- 
fect of the side support decreased. Figure 1? olves 
photomicrographs of three rider contact areas after 
various sliding intervals under a 9.8-N load, showing 
the contact areas made by the sides of the wear track. 

The 0.0035 cm?-area flat is shown after 760 kc 
of sliding (Fig. 12(a)). The projected area of con- 
tact, due to the side support of the wear track, was 
found to be 0.0028 cm? t a 77 % increase In contact 
area. The 0.0071 cm<Larea flat is shown after 
3500 kc of sliding (Fig. 12(b)). The side support 
area was 0.0032 cm? a 461 increase In contact 
area. The 0.0145 cm?-a rea flat is shown after 
4100 kc of sliding (Fig. 12(c)). The side sioport 
area was 0.0019 cm 2 , a 131 increase in area. 
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Undoubtedly, the contact at the sides of the 
near track affected the film wear rate In some man- 
ner, However, the result-* Indicate the effect was 
minimal since film wear Increased at a relatively 
constant rate (Fig. 7). 

What seemed to be most Important were the Ini- 
tial conditions of load, contact stress and area of 
rider contact. These parameters determined whether 
thin, lamellar wear particles or large brittle- 
fracture wear particles were produced. 

Rider Transfer and Hear 

No measurable wear of the metallic rldei flats 
occurred when sliding was completely on the Pl-bonded 
(CF*) n film. Only when the metallic substrate 
was reacned, and the asperities of the substrate 
interacted with the rider was wear observed on the 
rloer (9). 

Pi-bonded (CF») r transfer to the rider flat 
was found after all sliding Intervals and under all 
sliding conditions, initially (for all tests), 
transfer was very thin. Figure 13(a) shows a typical 
transfer film that occurred after 1 kc of sliding. 
This particular photograph Is from the test which 
employed the 4.0 N-load applied to the 0.0071 cm 2 - 
area flat. The transfer film was drawn In the direc- 
tion of sliding and showed oroad colorful inter- 
ference bands where the transfer was thickest. The 
thickest transfer In this photograph was 0.8 »m 
(wavelength of red light). 

As sliding duration progressed, the transfer to 
the rider flat tended to Increase. In most cases, 
the transfer maintained Its flowing nature and re- 
mained continuous and thin enough for interference 
bands to exit. Figure 13(b) shows transfer to the 
same rider flat after 6900 kc of sliding, Indicating 
the change in transfer. 

It was observed as the amount of transfer In- 
creased, so did the friction coefficient. For exam- 
ple, the friction coefficient for the test which 
employed the 4.9-N load sliding against the 0.0071 
c«?-area flat after 1 kc of sliding was 0,12. As 
sliding continued and the transfer slowly built-up 
[Fig. 13), so did the friction coefficient (Fig. 
2(ay); anu after 6900 kc of sliding the friction co- 
efficient was 0.20. 

In a few Instances, the friction coefficient 
went to values higher than 0.30. When this occurred, 
vary heavy ridges of transfer were observed on the 
rider flat. An example of this is seen In Fig. 14, 
where a high magnification photomicrograph ct [he 
rider transfer which occurred to the 0.014S cm*- 
area flat under a 4.9-N load after 7900 kc of sliding 
Is seen. The transfer here is very thick (up to 9 urn 
thick) and does not show the colorful interference 
bands as were seen in the thinner transfer. The 
friction coefficient was 0,33, Even though friction 
seemed to increase with increasing transfer, no ef- 
fect on wear was discernible. In general, however, 
thicker transfer films tended to occur on the larger 
area of contacts which Indicates that the increase In 
film wear rate at lower stress levels for the larger 
diameter flats (Fig. 10) may be due to the heavier 
transfer. 

CONCLUDING REMARKS 

Very little information on the mechanisms of 
bonded-solid lubricant film lubrication, wear, and 
failure is available In tne literature. In addition, 
most analytical expressions for the prediction of 
wear have been concerned with metallic surfaces or 
polymer solid bodies. Adhesive (10-12), abrasive 
(13-16), corrosive (17-18), fatigue (19-20), de- 


lamlnatton (21) and various other mechanisms of wear 
have been proposed (22), and analytical expressions 
formulated for each. 

The results of this study and others conducted 
by the author (8,9,22,24) Indicate that all these 
mechanisms can occur for the polyimlde-bonded graph- 
ite fluoride films. Adhesion definitely takes place, 
this Is evident from the thick transfer films ob- 
served. Abrasion often occurs, but this Is usually 
due to a third body. A hal'd particle can embed It- 
self into the film and abrade the metallic rider. 

The abraded rider can then abrade the film. Also 
sharp metallic substrate asperities can abrade the 
rider (after the film Is worn through to the sub- 
strate). Results from Refs. 23 and 24 Indicated the 
type of atmosphere in which the experiments were con- 
ducted markedly Influenced the wear results. Indicat- 
ing a corrosive effect. This study shows that 
fatigue-like and delaminatlon-llke particles are 
produced In the first lubrication regime. Thus, the 
total wear picture Is a complicated one. 

Most of the wear theories stated above relate 
wear rate (wear volume per unit sliding distance) to 
the total load. Fatigue wear (19-20), however, is 
associated with contact stress (pressure). This 
study Indicated the wear rate of Pi-bonded (CF*U 
films was more dependent on contact stress than load; 
thus. It appears a fatigue type of wear process Is the 
more prevalent type of wear taking place. 

The analysis f* complicated however, because two 
types of wear particles are produced, thin lamellar 
wear particles (<1 pm thick) anu brittle fracture type 
of wear particles (>1 »m thick). The results of this 
paper indicated that the projected contact stress and 
the rider contact area determined theVate at which 
each type of particle was produced. For a constant 
rider area of contact, the transition from the first 
wear mechanism to the second wear mechansim seemed to 
be a gradual process (Fig. 9). Figure IS shows high 
magnification photomicrographs of the film wear tracks 
after various sliding Intervals for the 0.007) cm 2 
area rider flat sliding on the film under loads of (a) 
4.9-N. (b) 9.8-N, (c) 18.6-N, and (d) 29.4-N. The 
figure Illustrates the effect of increasing contact 
stress on the film wear process. As the load or con- 
tact stress Is Increased, the wear track changed from 
a very smooth surface to one where large regions of 
cracking and spalling occurred. 

SUMMARY OF RESULTS 

Friction, wear, surface profllometry and optical 
microscopy studies of poly imide-bonded graphite fluo- 
ride films subjected to various load, various contact 
stresses, and various rider areas of contact indicate 
that: 

1. At least two different wear mechanslms of the 
film occurred. 

(a) The first was associated with the spalling 
of a thin textured layer at the surface of the film, 

(b) The second was believed to be caused by 
defects in the bulk or at the surface propagating into 
the bulk and producing large wear particles. 

2. Film wear for the first lubrication mechansim 
was found to be dependent on projected contact stress 
and independent of rider area of contact. A wear 
equation was derived from the experimental data and 
found to be Wj « i.ZxlO-^Ps, where Wj is 

wear volume In av 3 , P Is contact stress In MPa, and 
s Is sliding distance in m. 

3. Film wear for the second lubrication mechansim 
was found to be dependent on projected contact stress 
and rider area of contact. A wear equation derived 
from the experimental data was found to be 
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Nj • 3,1 k 10" 2 A** 2 (1.3) p », whoro Wg 1* w#*r 
vo turn In m 3 for tht socond wetr mechanism, and A 
It rider area of contact In cm 2 . 

4. In general, the friction coefficient for each 
test Increased with sliding ouratloni ana the amount 
of transfer to the rider also Increased with sliding 
duration. Thus, low friction coefficients were asso- 
ciated a thin layer-like type of transfer and high 
friction coefficients with a thick, heavy type or 
transfer: 

5. No measurable wear occurred to the rider flats 
until the metallic substrate was contacted. 
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TABLE 1. - SIMMY OF EXPERIMENTAL DATA AND RESULTS 


Load, Rider I Projected rider 
N contact I contact stress 


2.5 

0.0035 

4.9 

0.0035 
• 0071 
.0145 
.0240 

9.8 

0.0035 

.0071 

.0145 

.0240 

14.7 

0.0035 

.0071 

19.6 

0.0035 

.0071 

.0145 

.0240 

29.4 

0.0071 

.0145 

.0240 

34.4 

0.0145 

39.2 

0.0240 

58a 8 

0.024O 


4000 
14 2000 
7 1000 
4.1 000 


So BO 

28 4000 

14 2000 

8.1 1200 


Average value of friction 
coefficient at: 


kcI SOO kc I End teat 


O.lS 0.1S 


0.22 0.22 


Teat Thickness 

duration, of film 
kc worn 

through, 

um 


S6S 

6 915 

7 930 
10 300 


Film near rate, 
■3/m 


0 . 8 * 10 “** 

2.3*10"}} 

.29*10-}} 

.25*10-}} 

. 14 * 10 - 3 * 

2.9*10-}} 

1.7*10"}} 

.60*10-}} 

.27*10*3* 

5.5*10*}} 

2.6*10-3* 

46.0*10“}} 

4.9*10-}} 

2.4*10-}} 

2.2*10-3* 

55.0*10-}} 

12 . 0 * 10 *}} 

6.1*10-3* 

34.0*10-3* 

24.0*10-34 

121.0*10-3* 


TABLE II. - TEMPERATURE RISE ON FILM WEAR TRACK DUE TO FRICTIONAL HEATING 


Film temperature (*C) at sliding durations of; 


Load, Riaer Projected rider 
contact contact stress 


20 60 


1000 2000 4000 End test 


2.5 | 0.0035 
4.9 


25* 28* 

K K 

28 32 

31* 34* 
29* 32* 

31* 3b* 
3°; 34 ; 
33 38 


31 31 

34* — — — 

35; 35; 3 e; 34; 

34* 34* 34* 40 

33* 33* 37* 36* 


44* 43* 42* 43* 

48* 50* 49* 50* 

40* — 48* 1 


38* 48* 57* 57* 

42* 48* — — 

41* bl* 58* 59*. 

4b* 60* 63* 65* 64* , 

38* 60* 58* 61* 60* 56* 


45 28 

16 


72* 80* 77* 

42* *4* ■ ■ 

bb* 8b* 

49* 


































































TABLE lit. - COMPARISON OF POIV INI DE-BONDED GRAPHITE FLUOR 10E 
FILM HEAR RATES AS A 'UNCTION OF LUAO AND RIDER CONTACT AREA 


Total 

load 

Rider contact area, cm 2 

H 

lb 

0.0035 

0.0071 


0.0240 

Film wear rate. *3/m 

2.5 

4.9 

9.8 

14.7 
19.6 
29.4 
34.3 
39.2 

58.8 

O.SS 

1.1 

2.2 

3.3 

4.4 
6.6 

7.7 

8.8 
13.2 

0.8*10-}} 

2.3*10*}} 

2.9*10-}} 

5.5*10-}} 

46*10-1* 




0.29*10-}} 

1.7*10-}} 

2.6*10-}} 

4.9*10“}} 

55*10-1* 

0.25*10-}} 

.60*10-1* 

0.14*10-}} 

.27*10-1* 

2.4*10-}} 

12*10“}* 

34*10-1* 

2.2*10-}} 

6.1*19-1* 



24*10-}} 

124*10-1* 






TABLE IV. - COMPARISON OF POLVIMIOE-OONOED GRAPHITE FLUORIDE FILM 
HEAR RATES AS A FUNCTION OF CONTACT STRESS AND RIDER CONTACT AREA 



i< 

















AVERAGE RIDER VALUES Of. 



m 

(cm 2 ) 

CONTACT 


STRESS 

(MPa) 

o 

a 003$ 

14 

□ 

a 0071 

7 

o 

a 0145 

315 

A 

00240 

2 


O 

<P 


a 6fi6S 

« 8Sb^*«»' 


(a) 49-N load. 
AVERAGE RIDER VALUES Of. 



AREA 

(cm 2 ) 

CONTACT 


STRESS 

(MPa) 

0 

00035 

28 

□ 

00071 

14 

0 

00145 

7 

A 

00240 


sA 

a&G 

s*d 




SLIDING DIRECTION, kc 
(b)9.8-N load 

figure 2. - Effect of rider contact area and projected contact 
stress on the friction coefficient of polyimide-tonded graph 
Ha fluoride films as a function of sliding duration for loads 
of tal 4 9-N, (b) 9. 8-N, (cl 19. 6-N, and (d) 29. 4-N. 






AVERAGE RIDER VALUE 0F« 

AREA CONTACT 
(Cflft STRESS 
(MPa) 



SLIDING DURATION, kc 


(d) 29. 4-N lout 
Figure 2. - Concluded. 



NOliOlbJ iO iN3IDidi30D 



Figure 5. * Friction coefficient as a function of film 
track temperature for 440 C stainless steel riders i 
different contact areas sliding on Pl-tonded graft 
fluoride films under various loads. 





FLM WEAR TRACK, 


LOAD, AREA OF QONTACT, 
N cm 2 



SLIDING DURATION, kc 


Figure 9 - Poiyimlde -bonded graphite fluoride film wear as a func- 
tion ot sliding duration for a constant contact stress of 7. 0 MPa 
(1000 p? ) which was obtained by using various loads and areas of 
contact 






imques. 







Figure 12 Photomicrographs of rider contact areas after various inter 

* * 1 9 Un ? fr J ° 8 N ,0ad sh0vv,nq * h? ™dc hv the 

sides of the w ear track 








HEAVIER TRANSFER. 
INTERFERENCE BANDS 
CLOSER TOGETHER-v 
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’hotomicrograph ot the transfer to the 0. 0145-cm‘ -area 
'er 7900 kc ot sliding lor the 4 9-N load applied to the 
33.) 





SLIDING DIRECTION 


VERY SMOOTH 
TEXTURED SURFACf 


SCALING OF TEXTURED 
LAYER. LESS THAN 
1 urn DEEP 


<bi9 8-N LOAD. 3SOO kc OF SLIDING 


ure IS. - Photomicrographs of the film wear tracks showing 
the effect of load iat a constant area ot contact of 0.0071- 
cm^i on film wear. 





